The absence of a full-length PB1-F2 protein has been suggested as one possible determinant for the low pathogenicity of the 2009 Influenza A H1N1 pandemic strain. Since the PB1-F2 sequence of this strain has three stop codons and its ancestors encode a full-length protein, the stop codons must have appeared recently. This suggests that the PB1-F2 protein is not evolutionary and functionally important for the new virus. We investigate the role of this protein in the evolution of influenza A viruses, and in particular in relation to the history of the new strain. We show that its evolutionary history is comparable to other, non-translated, subsequences in the PB1 segment, suggesting that PB1-F2 does not contribute significantly to the fitness of the influenza A virus.
Introduction
On June 11th, 2009, the Director General of the World Health Organization [1] declared the first influenza pandemic of the 21st century. More than 30,000 cases were confirmed in 74 countries with 145 confirmed deaths [2] . Most of these infections were mild, and recovery was complete within a few days. However the initial reports from Mexico and several estimates of the case fatality rate (CFR) at 0.4% suggested that the new pandemic could be as severe as the one from 1957 [3] .
Several determinants of influenza virus pathogenicity have been identified [4] . One of the most interesting is a second protein, called PB1-F2, encoded in reading frame +1 of the PB1 gene [5] [6] . PB1-F2 binds to mitochondria, leading to a release of cytochrome c and induction of apoptosis in CD8 T-cells and alveolar macrophages [6] [7] . In mice, PB1-F2 increases the severity of primary viral and secondary bacterial infections [8] [9] , and has been associated with the high pathogenicity of avian H5N1 and the 1918 pandemic strain [10] . Table 1 . The PB1-F2 sequences of all ancestors of the 2009 Influenza A H1N1 strain do not contain stop-codons. The PB1-F2 sequence of the 2009 H1N1 strain contains three stop codons, which it has acquired in the last 10 years
The PB1-F2 protein is truncated in the 2009 Influenza A (H1N1) strain, due to the presence of three stop codons at nucleotide positions 12, 58 and 88. The absence of a full-length PB1-F2 protein has been suggested to account for the low pathogenicity of the new pandemic strain [11] The PB1 segment of the recent strain is related to H1N2 and H3N2 swine viruses from 1998, and before that to human H3N2 viruses [12] [13] [14] . It is interesting to note that all the relatives of the new strain both in swine and human hosts encode a complete 90 amino acid long PB1-F2 protein ( Table 1 ). The most likely scenario is that the complete PB1-F2 has been lost within the last ten years.
PB1-F2 appears truncated in classical swine H1N1 viruses and human H1N1 viruses since 1947. 96% of the avian viruses deposited in NCBI as of 2007 encode the complete (90 amino acid) version of the protein [15] . PB1-F2 has very high ratio of non-synonymous versus synonymous substitution, which can be explained by the higher conservation of PB1 and the weakly constrained protein sequence of PB1-F2 [16] [17] [18] .
Because PB1-F2 appears truncated mainly in human and swine H1N1 viruses, one could speculate that in this specific evolutionary context PB1-F2 does not contribute to the fitness of the virus, and could be then truncated to a non-functional form.
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Introduction
If this speculation was correct, the fact that the 2009 Influenza A (H1N1) acquired recently three stop codons in PB1-F2 leads to the conclusion that the PB1 segment of the pandemic strain has been circulating for the last few years in humans or swine hosts as part of H1N1 viruses. We argue that this reasoning is incorrect, although the conclusion could be correct. Our argument is based on the observation that independently of the influenza subtype there is no evidence for selective pressure to maintain fulllength PB1-F2 in the viral genome compared with other subsequences within the same RNA segment that do not code for any protein.
Methods
To study the evolution of the PB1-F2 sequence, we used the coding nucleotide sequences of the PB1 segment available in the NCBI database on June 14, 2009 . For the analysis we used only full-length sequences that begin with a start codon and end with a stop codon. There were 2256 unique sequences with 1166 from avian hosts, 857 from human hosts, and 233 from swine hosts, which satisfied these criteria. Without the start and stop codon all of these sequences had a length of 2270 nucleotides. Since all pair-wise hamming distances were less than 0.21, we concluded that the sequences are aligned and did not perform any further alignment. We conducted three types of analyses on the sequences of the PB1 segment: the first to determine the distribution of stop codons in the six reading frames of the nucleotide sequences, the second to compare the evolutionary rate of PB1-F2 and other subsequences of PB1, and the third to estimate the probability of a random sequence to contain a long subsequence in reading frame +1, same as PB1-F2, without stop codons. In the first analysis, for each reading frame of the PB1 segment we considered the consecutive windows of length 90 codons and in each window determined the average number of stop codons present across all the PB1 sequences. We have shown the results of this analysis for reading frames +1, +2 and -1 in Figure 1 where the distribution of stop codons was plotted according to the host. In reading frame +1 the position of PB1-F2 is evident as a region with small number of stop codons close to the 5' end of the PB1 segment (codons 31-121). Two more regions with a small number of stop codons are clearly distinguishable: one (PB1-C1) in reading frame +1 close to the 3' of PB1 (codons 646-743) and one (PB1-C2) at codons 446-540 of reading frame -1.
To study the evolution of the PB1-F2 sequence, we used the coding nucleotide sequences of the PB1 segment available in the NCBI database on June 14, 2009 . For the analysis we used only full-length sequences that begin with a start codon and end with a stop codon. There were 2256 unique sequences with 1166 from avian hosts, 857 from human hosts, and 233 from swine hosts, which satisfied these criteria. Without the start and stop codon all of these sequences had a length of 2270 nucleotides. Since all pair-wise hamming distances were less than 0.21, we concluded that the sequences are aligned and did not perform any further alignment. We conducted three types of analyses on the sequences of the PB1 segment: the first to determine the distribution of stop codons in the six reading frames of the nucleotide sequences, the second to compare the evolutionary rate of PB1-F2 and other subsequences of PB1, and the third to estimate the probability of a random sequence to contain a long subsequence in reading frame +1, same as PB1-F2, without stop codons. In the first analysis, for each reading frame of the PB1 segment we considered the consecutive windows of length 90 codons and in each window determined the average number of stop codons present across all the PB1 sequences. We have shown the results of this analysis for reading frames +1, +2 and -1 in Figure 1 where the distribution of stop codons was plotted according to the host. In reading frame +1 the position of PB1-F2 is evident as a region with small number of stop codons close to the 5' end of the PB1 segment (codons 31-121). Two more regions with a small number of stop codons are clearly distinguishable: one (PB1-C1) in reading frame +1 close to the 3' of PB1 (codons 646-743) and one (PB1-C2) at codons 446-540 of reading frame -1. The second analysis was done separately on the PB1 sequences that have descended from the 1968 pandemic strain and the PB1 sequences that have descended from the 1918 pandemic strain. As descendants of the 1968 pandemic strain we used human H3N2, North American swine H1N2, and 2009 human H1N1 viruses. As descendants of the 1918 pandemic strain we used human H1N1, except 2009 human H1N1 because its PB1 segment descends through the North American swine H1N2/H3N2 from the 1968 pandemic strain. In Figure 2 we have shown the nucleotide and amino difference versus years difference of the members of each lineage to the corresponding parent of the lineage. Each plot contains separate data for PB1 and PB1-F2. In this figure as a parent of the 1968 pandemic lineage we took A/Hong Kong/1/1968 (H3N2) and for the 1918 pandemic lineage we took A/Brevig Mission/1/1918 (H1N1). The gap in the 1918 pandemic lineage between 1947 and 1977 is likely because this lineage was probably not circulating and non-evolving ("frozen") [19] . Figure 3 shows the nucleotide and amino acid evolutionary rate of PB1, PB1-F2, PB1-C1, and PB1-C2 sequence in the two lineages. The evolutionary rate was determined as the coefficient in a least square fit of a linear model with zero constant term and with input and response variables correspondingly the years difference and the nucleotide/amino acid difference of a subsequence in a lineage to the parent of the lineage. To avoid problems with the 1947-1977 gap of the 1918 pandemic lineage we took only the part of this lineage after 1977 and took A/USSR/92/1977 (H1N1) as a parent of the lineage. Fig. 2: Nucleotide/amino acid difference versus years difference of the influenza A strains from the 1968 and the  1918 pandemic lineage to the corresponding parent. Left two panels are for the 1968 pandemic lineage with parent  A/Hong Kong/1/1968 (H3N2). The lineage contains human H3N2 ("." mark), North American swine H1N2 ("x" mark),  and 2009 human H1N1 ("x" mark). Right two panels are for the 1918 pandemic lineage with parent A/Brevig  Mission/1/1918 (H1N1) containing human H1N1, except 2009 human H1N1 . Top two panels are nucleotide difference, bottom two are amino acid difference. In each panel strains in which PB1-F2 is 90 amino acids long are marked with "+". The second analysis was done separately on the PB1 sequences that have descended from the 1968 pandemic strain and the PB1 sequences that have descended from the 1918 pandemic strain. As descendants of the 1968 pandemic strain we used human H3N2, North American swine H1N2, and 2009 human H1N1 viruses. As descendants of the 1918 pandemic strain we used human H1N1, except 2009 human H1N1 because its PB1 segment descends through the North American swine H1N2/H3N2 from the 1968 pandemic strain. In Figure 2 we have shown the nucleotide and amino difference versus years difference of the members of each lineage to the corresponding parent of the lineage. Each plot contains separate data for PB1 and PB1-F2. In this figure as a parent of the 1968 pandemic lineage we took A/Hong Kong/1/1968 (H3N2) and for the 1918 pandemic lineage we took A/Brevig Mission/1/1918 (H1N1). The gap in the 1918 pandemic lineage between 1947 and 1977 is likely because this lineage was probably not circulating and non-evolving ("frozen") [19] . Figure 3 shows the nucleotide and amino acid evolutionary rate of PB1, PB1-F2, PB1-C1, and PB1-C2 sequence in the two lineages. The evolutionary rate was determined as the coefficient in a least square fit of a linear model with zero constant term and with input and response variables correspondingly the years difference and the nucleotide/amino acid difference of a subsequence in a lineage to the parent of the lineage. To avoid problems with the 1947-1977 gap of the 1918 pandemic lineage we took only the part of this lineage after 1977 and took A/USSR/92/1977 (H1N1) as a parent of the lineage. Fig. 2: Nucleotide/amino acid difference versus years difference of the influenza A strains from the 1968 and the  1918 pandemic lineage to the corresponding parent. Left two panels are for the 1968 pandemic lineage with parent  A/Hong Kong/1/1968 (H3N2). The lineage contains human H3N2 ("." mark), North American swine H1N2 ("x" mark),  and 2009 human H1N1 ("x" mark). Right two panels are for the 1918 pandemic lineage with parent A/Brevig  Mission/1/1918 (H1N1) containing human H1N1, except 2009 human H1N1 . Top two panels are nucleotide difference, bottom two are amino acid difference. In each panel strains in which PB1-F2 is 90 amino acids long are marked with "+". The second analysis was done separately on the PB1 sequences that have descended from the 1968 pandemic strain and the PB1 sequences that have descended from the 1918 pandemic strain. As descendants of the 1968 pandemic strain we used human H3N2, North American swine H1N2, and 2009 human H1N1 viruses. As descendants of the 1918 pandemic strain we used human H1N1, except 2009 human H1N1 because its PB1 segment descends through the North American swine H1N2/H3N2 from the 1968 pandemic strain. In Figure 2 we have shown the nucleotide and amino difference versus years difference of the members of each lineage to the corresponding parent of the lineage. Each plot contains separate data for PB1 and PB1-F2. In this figure as a parent of the 1968 pandemic lineage we took A/Hong Kong/1/1968 (H3N2) and for the 1918 pandemic lineage we took A/Brevig Mission/1/1918 (H1N1). The gap in the 1918 pandemic lineage between 1947 and 1977 is likely because this lineage was probably not circulating and non-evolving ("frozen") [19] . Figure 3 shows the nucleotide and amino acid evolutionary rate of PB1, PB1-F2, PB1-C1, and PB1-C2 sequence in the two lineages. The evolutionary rate was determined as the coefficient in a least square fit of a linear model with zero constant term and with input and response variables correspondingly the years difference and the nucleotide/amino acid difference of a subsequence in a lineage to the parent of the lineage. To avoid problems with the 1947-1977 gap of the 1918 pandemic lineage we took only the part of this lineage after 1977 and took A/USSR/92/1977 (H1N1) as a parent of the lineage. Fig. 4: Length distribution of the longest subsequence without a stop codon in reading frame +1 of a random PB1 sequence. The random sequence was selected according to the model described in the text and probabilities were estimated by sampling 10,000 random sequences. As a starting sequence we used four sequences from the H3N2 lineage descending from the 1968 pandemic strain. In all sequences except A/California/04/2009 (H1N1) the PB1-F2 segment does not contain stop codons. In all four cases the probability of length at least 270 is close to 0.91.
For the third analysis we defined a simple model of a random nucleotide sequence. The model is parameterized by an amino acid sequence (the starting sequence) and a codon bias given for every position of that sequence. The model generates a random nucleotide sequence of length three times the length of the starting amino acid sequence. Each codon of the random sequence is picked at random among the codons that translate to the amino acid located at that position in the starting sequence and using the codon bias for that position. Note that the random nucleotide sequence translates to the starting amino acid sequence. We are interested in the distribution according to this model of the length of the longest subsequence without stop codons in reading frame +1 of the random sequence. As a starting sequence we took the PB1 sequence of four strains from the H3N2 lineage descending from the 1968 pandemic strain. In all four cases the codon bias for each position was fixed to be the codon bias calculated for that position across all the 2256 coding sequences of the PB1 segment described at the beginning of this section and the length distribution was estimated by generating 10,000 random sequences (Figure 4) . In all cases the probability of having a subsequence in reading frame +1 of length at least 270 and without stop codons was estimated to be close to 0.91.
Results and Discussion
Since the appearance of the H1N1 pandemic strain in March 2009 there has been an intense effort to evaluate possible factors that could contribute to its pathogenicity. One of these factors is a small protein, called PB1-F2, encoded in the PB1 segment of previous pandemic strains. This protein has been shown to cause apoptosis of immune cells, contributing to increased viral virulence and secondary infections. Fortunately, the PB1-F2 protein is truncated in the 2009 H1N1 pandemic strain, although the swine and human ancestors of the virus encode a full-length protein.
Because the full-length PB1-F2 protein is absent from many influenza viruses, its evolutionary role and contribution to the fitness of the virus is unclear. An important question is whether the protein is necessary for virus survival in different animal populations. The PB1-F2 protein is truncated in many human and swine viruses. Our approach to answering these questions is to compare the evolution of PB1-F2 with PB1 and two other "control" open reading frames within the same segment, PB1-C1 and PB1-C2, which do not appear to encode any proteins. Both genomic sequences have open reading frames of length comparable to PB1-F2 and are as conserved as PB1-F2. PB1-C1 is 98 amino acids long and in the same reading frame as PB1-F2. It is unlikely that it encodes any functional protein as the start codon is at the end of the PB1 segment. PB1-C2 is a 97 amino acid sequence in the negative strand, the same as the viral RNA.
While PB1 does have a low evolutionary rate at amino acid level (Figure 3 ), PB1-F2 does not display any particular sign of negative selection. In the descendants of the 1977 H1N1 human viruses, PB1-F2 is truncated while it is complete in the H3N2 human viruses. Amino acid evolutionary rates in the truncated and complete versions are similar. Even more relevant is the comparison with the two control segments. PB1, PB1-F2 and the two control segments show similar evolutionary rates at the nucleotide level but very different rates at the amino acid level. Both PB1 and PB1-C2 show lower rates of evolution at the amino acid level than PB1-F2 and PB1-C1. For PB1 the lower evolutionary rate is probably a consequence of negative selection and for PB1-C2 the lower evolutionary rate can be explained by the fact that the third codon positions in reading frame -1 coincide with third codon positions of PB1 itself. The higher rates in PB1-F2 and PB1-C1 can be explained by the frame shift relative to PB1, so that synonymous mutations in PB1 appear as non-synonymous in those sequences. In summary, the amino acid evolutionary rates in all sequences can be explained entirely by negative selection in PB1. This fact coincides with previous observations (6) that show that the higher dn/ds ratio of PB1-F2 is due to negative selection in the PB1 protein.
PB1-F2 is complete in all H1N1 human isolates before 1947, at which time a stop codon appeared which truncated the protein to a shorter (57 amino acid version). If the longer version of the protein conferred a functional advantage, one would expect a change in the evolutionary rates of the human H1N1 PB1-F2 proteins in 1947. This change is not observed (Figure 2 ), and the rates before and after are similar to evolutionary rates in the human H3N2 viruses that encode a complete version of the protein.
Even though PB1-F2 is not particularly conserved, one could still consider notable the fact that it is present as a long open reading frame in most influenza isolates. The importance of this observation is diminished by the fact that it also applies to both PB1-C1 and PB1-C2 and furthermore holds for a PB1 segment generated at random. Figure 2 shows that the average number of stop codons in PB1-F2 is low, but not lower that any of the control sequences. Figure 4 shows that the probability of a long subsequence without stop codons in the reading frame of PB1-F2 of a PB1 segment generated at random is high (>0.9). The coding regions for PB1-C1 and PB1-C2 have an even lower number of stop codons in all the influenza isolates that have been deposited at NCBI. The observation that PB1-F2 is truncated in some of the human and swine strains also applies to the other control sequences. This analysis, as the previous ones, suggest that PB1-F2 has a similar contribution to the fitness of the virus as other non-translated sequences, PB1-C1 and PB1-C2, which suggests that PB1-F2 is of little or no evolutionary significance Fig. 4: Length distribution of the longest subsequence without a stop codon in reading frame +1 of a random PB1  sequence. The random sequence was selected according to the model described in the text and probabilities were  estimated by sampling 10,000 random sequences. As a starting sequence we used four sequences from the H3N2  lineage descending from the 1968 pandemic strain. In all sequences except A/California/04/2009 (H1N1) the PB1-F2  segment does not contain stop codons. In all four cases the probability of length at least 270 is close to 0. 
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Even though PB1-F2 is not particularly conserved, one could still consider notable the fact that it is present as a long open reading frame in most influenza isolates. The importance of this observation is diminished by the fact that it also applies to both PB1-C1 and PB1-C2 and furthermore holds for a PB1 segment generated at random. Figure 2 shows that the average number of stop codons in PB1-F2 is low, but not lower that any of the control sequences. Figure 4 shows that the probability of a long subsequence without stop codons in the reading frame of PB1-F2 of a PB1 segment generated at random is high (>0.9). The coding regions for PB1-C1 and PB1-C2 have an even lower number of stop codons in all the influenza isolates that have been deposited at NCBI. The observation that PB1-F2 is truncated in some of the human and swine strains also applies to the other control sequences. This analysis, as the previous ones, suggest that PB1-F2 has a similar contribution to the fitness of the virus as other non-translated sequences, PB1-C1 and PB1-C2, which suggests that PB1-F2 is of little or no evolutionary significance for the virus.
In summary, the PB1-F2 open reading frame appears to be as conserved, and maintained as a full-length protein, as other noncoding regions of the same RNA segment and of a PB1 segment generated at random. These observations, and the fact that PB1-F2 is truncated in many virus isolates, suggest that the evolutionary role of PB1-F2 in vivo is minimal. Although PB1-F2 clearly effects viral replication and virulence in mice, more extensive studies are required to assess the contribution of the PB1-F2 protein to the fitness of the influenza virus.
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